A voltage-gated channel, called VDAC (mitochondrial porin) is known to be responsible for most of the metabolite flux across the mitochondrial outer membrane. Here, direct measurements of ATP flux through VDAC channels reconstituted into planar phospholipid membranes establish that VDAC is sufficient to provide passage for ATP efflux from mitochondria. Further, the gating of the channel can shut down ATP flux completely while, simultaneously, allowing the flow of small ions. Thus, these channels are ideally suited to control ATP flux through the mitochondrial outer membrane and, consequently, mitochondrial function. The block to ATP flow through the closed state is likely to be not steric but electrostatic.
Mitochondrial function and cell viability requires flux of metabolites across the mitochondrial outer membrane. A voltage-gated channel, called VDAC (1, 2) (or mitochondrial porin), is known to be responsible for most of this flux (3) (4) (5) (6) . Until now, it was not clear that the voltage gating observed when VDAC was reconstituted into phospholipid membranes is related to the physiological control of the flux of vital metabolites like ATP. Indeed, VDAC channel closure results in a mere 50% reduction in channel conductance, and the estimated diameter of the "closed" channel is 1.7 to 1.8 nm (7, 8) , larger than the dimensions of metabolites such as ATP. However, with isolated mitochondria, treatments that close VDAC greatly inhibit mitochondrial function and adenine nucleotide flux (3) (4) (5) (6) . These results indicated that adenine nucleotides could flow through VDAC and that VDAC gating might control this flux. This conclusion was tenuous because direct evidence was lacking.
In this paper we demonstrate directly that ATP can flow through VDAC channels in the open state. The closed state, on the other hand, is virtually impermeant to ATP. Thus, regulation of ATP flux is possible.
EXPERIMENTAL PROCEDURES
Planar phospholipid membranes were made by the monolayer method (9, 10) using diphytanoylphosphatidylcholine. VDAC channels were isolated from Neurospora crassa mitochondria (11, 12) and incorporated into the membrane by the addition, to the aqueous phase on one side of the membrane (cis compartment), of 1 to 3 l of a 50ϫ dilution of pure protein dissolved in 1% Triton X-100. The membrane potential was clamped by controlling the voltage on the cis side while the trans was maintained at ground by the amplifier. Ag/AgCl electrodes were used to interface with the solution via KCl/agar bridges. Initially, the cis compartment contained 1.0 M KCl, 10 mM HEPES, pH 7.0, and 5 mM MgCl 2 while the trans was the same except that the [KCl] was 0.10 M.
In each experiment, after a sufficient number of channels had inserted, the solution in the cis compartment was replaced by ATPcontaining solution (ATP as Na ϩ salt; both sides had 0.1 M KCl, 10 mM HEPES, pH 7.0, and 5 mM MgCl 2 ). The trans side was stirred continuously and samples were taken periodically (volume replaced by fresh solution) for measurement of ATP content by the luciferin-luciferase method (Boehringer Mannheim, CLSII kit).
RESULTS AND DISCUSSION
In order to measure the flux of ATP through the open and closed state of VDAC, the experimental system must allow the investigator to control the state of the channels, determine the number of channels responsible for the flux, and measure specifically the flux of ATP. Reconstituting VDAC channels into planar phospholipid membranes permits voltage to be used to control the state of the channel (2) and conductance measurements to monitor the number of channels. However, the number of channels that can be studied is limited by membrane stability, and this also limits the magnitude of the flux. The firefly luciferin-luciferase system used is not only very sensitive but highly specific for ATP. A combination of measuring fluxes for long periods of time (over 4 h) and the use of 200-l compartments to minimize sample dilution made it possible to achieve concentrations that could be measured accurately by the luciferin-luciferase system (i.e. subnanomolar). The movement of 3 to 8 fmol of ATP (2 to 5 ϫ 10 9 molecules) per min is shown in Fig. 1, A and B. ATP flux remains constant with channels in the open state as illustrated in both typical experiments. The numbers of channels in the membrane are similar, but the ATP concentrations are different (153 mM for A and 60 mM for B). Under the experimental conditions used, these voltage-gated channels were open at low negative voltages. A change to zero or positive potentials causes channel closure, monitored as a conductance decrease and selectivity change. This resulted in total cessation of ATP flux. In B, after maintaining the channels closed for 100 min, the voltage was returned to the original value (favors channel opening) and ATP flux resumed at the original rate (when corrected for the number of open channels, see 4 ATP/s. This is 100 times the minimal flux needed to account for the rates of ATP release from rat liver mitochondria (7 nmol of ATP/s/mg of mitochondrial protein; 0.3% of the mitochondrial protein is VDAC (13, 14) ). Thus, the flux of ATP through VDAC should be sufficient for mitochondrial function even though VDAC serves other functions: flux of other metabolites (competition?), binding to microtubule-associated proteins and kinases, complex with benzodiazapine receptor and formation of contact sites with inner membrane (2) .
A change in pore diameter from 2.5 to 3 nm in the open state to 1.7 to 1.8 nm in the closed state cannot, by itself, account for the dramatic change in ATP permeability. The critical factor is probably the change in the charge within the channel that results in the inversion of selectivity upon channel closure (15) (16) (17) . A variety of experiments point to the conclusion that a positively charged voltage sensor forms part of the wall of the VDAC channel (18) . The structural change responsible for closure is the movement of this sensor domain out of the membrane resulting in a reduced pore diameter and volume and an inverted ion selectivity as the charge on the wall of the pore goes from an estimated (19) net positive charge of 3 to a net negative charge of Ϫ3. This generates an electrostatic barrier that is probably responsible for excluding ATP. This is an example of how a large channel can selectively control the flow of charged metabolites.
While regulating proteins (20 -22) and NADH have been shown to be capable of regulating the opening and closure of VDAC, the fact that voltage gating in VDAC, as found in proteins isolated from organisms as diverse as mammals, fungi, and higher plants, is highly conserved (18) , demonstrates the importance of this property. Voltage across the outer membrane can easily be generated by differences in charged macromolecules (Donnan potential) between the two compartments or asymmetrical surface charge. This could simply be altered by means of protein phosphorylation or Ca 2ϩ binding. Indeed, it has been shown that mitochondrial activity changes dramatically as a result of changes in Ca 2ϩ release from stores (23) (24) . This change can actually occur at the crest of every intracellular Ca 2ϩ wave as Ca 2ϩ is accumulated in and released from the matrix space (25) .
Regulation of mitochondrial function occurs at many levels (2, 26, 27) . These results clearly demonstrate that the channels in the mitochondrial outer membrane can not only facilitate but also regulate the movement of ATP between the cytosol and the mitochondrial spaces. 
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